In a thermoelectric generator (TEG) system the DC/DC converter is under the control of a maximum power point tracker which ensures that the TEG system outputs the maximum possible power to the load. However, if the conditions, e.g., temperature, health, etc., of the TEG modules are different, each TEG module will not produce its maximum power. If each TEG module is controlled individually, each TEG module can be operated at its maximum power point and the TEG system output power will therefore be higher. In this work a power converter based on noninverting buck-boost converters capable of handling four TEG modules is presented. It is shown that, when each module in the TEG system is operated under individual maximum power point tracking, the system output power for this specific application can be increased by up to 8.4% relative to the situation when the modules are connected in series and 16.7% relative to the situation when the modules are connected in parallel.
INTRODUCTION
Due to the varying nature of the output voltage of thermoelectric generator (TEG) systems a power converter is often inserted between the TEG system and the load. 1 The power converter is operated by a maximum power point tracker (MPPT) which ensures that the TEG system produces the maximum power. However, if the conditions, e.g., temperature, health, age, etc., of one or more modules are different from the other modules, the full potential of the system is not reached as each module will have its own operation point of maximum power. The MPPT will therefore only find the best compromise of all modules. To increase the power production of the TEG system, all the modules should therefore be operated at their individual maximum power point (MPP). 2 
TEG MODELING
A TEG module is often modeled as a Thévenin circuit, 1, 3 i.e., an inner voltage source V i ðVÞ; in series with an inner resistance R i ðXÞ, as shown in Fig. 1a . However, if several TEG modules are connected in parallel, it is often more convenient to model the TEG module as a Norton circuit, i.e., an inner current source I i ðAÞ; in parallel with an inner resistance R i ðXÞ, as shown in Fig. 1b .
The inner voltage and current sources depend on the temperature difference of the module DTð CÞ, and the inner resistance depends on the average module temperature T av ð CÞ, as can also be seen in Fig. 2 . In this research, modules of type TEG1-127-4.5-2.0-250 from Guangdong Fuxin Electronic Technology Co. Ltd. 4 were used, and from Fig. 2 it can be seen that the inner voltage source and resistance can be modeled as polynomials of first order. Equations (1) and (2) give the mathematical expressions for the inner voltage source and resistance.
The inner current source can then be calculated from Eq. (3).
For a given current IðAÞ, the output voltage V o ðVÞ and power PðWÞ of a module are given by Eqs. (4) and (5), respectively.
In the above, the temperatures were measured by K-type thermocouples, while the current and voltage for the modules were measured while applying different load resistances; the internal resistance of the TEG can also be calculated by Eq. (4). Details regarding the experiments and modeling of the modules are given in Ref. 5. In Fig. 3 the output voltage and power of four TEG modules, each with a different temperature difference, can be seen for different current levels. It can clearly be seen that, the higher the temperature difference for a module, the higher the output voltage and power. The MPP corresponds to the values of current and output voltage that ensure that the load resistance is equal to the inner resistance of the TEG module. 4, 6 At the MPP, the power P MPP ðWÞ is given by Eq. (6).
The MPP is marked by filled circles in Fig. 3b . It can also be seen that the MPP strongly depends on the temperature difference, which means that, if the four modules for example were series-connected, all of them could not be operated at the MPP, as the same current will flow through all of them.
MPPT AT SYSTEM LEVEL
The modules can be connected in series, parallel or a combination of both. In this research an 80-W TEG system from Guangdong Fuxin Electronic Technology Co. Ltd. 4 was used. The system consists of eight TEG modules which can be connected as desired, and the temperature of each module can be controlled individually. Due to resource limitations, a converter capable of handling only four inputs was constructed. For each input of the converter, two TEG modules were connected in series. However, when the same temperature difference is applied across them, they can be considered as one input module. In Fig. 4a it can be seen how N modules are connected in parallel. I i;n ðAÞ and R i;n ðXÞ are the inner current source and resistance of the nth module, respectively. Due to the Norton equivalent circuit of each module, the whole stack can also be modeled as a Norton equivalent circuit as shown in Fig. 4b . The inner stack current I i;stack ðAÞ and resistance R i;stack ðXÞ of N parallel-connected modules can be calculated by using Eqs. (7) and (8), respectively.
In the same way as for a module, the maximum stack output power of a stack P MPPT on stack ðWÞ is given by Eq. (9).
However, if each module can be controlled individually, the maximum system output power P MPPT on modules ðWÞ is the sum of the maximum output powers of all the modules, as described in Eq. (10).
P MMP;n ðWÞ is the maximum power of the nth module, as calculated by Eq. (6).
In Fig. 5a the total output power of four modules is shown. The output power is shown when MPPT is applied at either stack or module level. The output power for the situation when MPPT is applied at stack level is shown for the cases when the modules are connected either in parallel or in series. The output powers are shown for different moduleto-module temperature differences with average module temperature difference of 160 C; i.e., if the module-to-module temperature difference is 60 C, module 4 has a temperature difference of 250 C, module 3 has a temperature difference of 190 C, module 2 has a temperature difference of 130 C, and module 1 has a temperature difference of 70 C. If the module-to-module temperature difference is 10 C, modules 4, 3, 2, and 1 have temperature differences of 175 C; 165 C, 155 C, and 145 C, respectively. When MPPT is applied at module level, the output power is higher than if MPPT is only applied at stack level. This can also be seen in Fig. 5b , which shows the increase in output power due to the application of MPPT at module level. The increase in output power is calculated by Eq. (11).
In Fig. 5b it is seen that, with a module-to-module temperature difference of 60°C, the output power is increased by 8.4% and 16.7% when MPPT is applied at module level instead of stack level for the series and parallel cases, respectively.
IMPLEMENTATION
In this work a 5-V load was used as the application for the TEG system. As the input voltage, i.e., the series connection of two modules, can be either higher or lower than the load voltage depending on the current level, it is necessary to be able to either buck or boost the input voltage. Therefore a fourchannel DC/DC converter of noninverting buckboost (NIBB) type 7 was built. A diagram of this converter is shown in Fig. 6 . This converter type is capable of producing an output voltage either higher or lower than the input, but without inverting the voltage as a normal buck-boost converter.
To improve the converter efficiency, the converter was operated in either buck or boost mode but not in Table I . Switching configuration for each converter mode buck-boost mode. The duty cycle D applied to each switch is presented in Table I . The switching loss in buck-boost mode is twice that in buck or boost mode. When connected to the TEG modules, the TEG voltage can be any value between 0 V and the open-circuit voltage, independent of the load. The output terminals of the four converters were connected in parallel to a single load. A digital signal processor (DSP) was used to generate pulse widthmodulated signals, and for implementation of a current controller for each converter. To operate at the MPP, a MPPT algorithm was implemented based on the perturb and observe method. In this work the perturbation was set to 0.025 A at a frequency of 2 Hz.
RESULTS
The laboratory implementation can be seen in Fig. 7 . The hot temperature T h ð CÞ of each module in the TEG system could be controlled individually, and various nonuniform temperature patterns were tested, as listed in Table II . As expounded above, the different temperature conditions of the modules led to different operation points of the maximum power, and the stack MPPT can only find the compromise of the four module groups. However, with the individual MPPT, an obvious decrease in the experimental results for output power (Table II) was not found when the extent of the temperature nonuniformity increased gradually in the tests. It is noteworthy that the T h of the first row in Table II represents the uniform condition. Thus, the almost constant P MPPT on modules validates the advantage of applying MPPT at module level instead of stack level as presented in ''MPPT at System Level'' section. The small power variation in Table II may result from measurement uncertainty owing to the system thermal inertia, or that the precise T h is difficult to read when the system is switched from one pattern to another.
CONCLUSIONS
In this work the power production of a four-module TEG system has been investigated when a maximum power point tracker is applied at either stack or module level. In the given application it turns out that an increase in output power of up to 8.4% and 16.7% can be reached when MPPT is applied at module level instead of stack level for the cases when the modules are connected in series and parallel, respectively. If the conditions, e.g., the temperature difference of the modules, are the same, no improvement can be obtained by using MPPT at module level instead of stack level. The power converter handling the four TEG modules was realized with four noninverting buck-boost converters connected in parallel due to the capability of both bucking and boosting the input voltage.
